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Abstract

“l’he rotational spectra of 7911r20, 791~r081}lr  and 811]r20  in their ground vibrational states as>

well as 7913r081J3r in its Vz = 1 state have been studied in selected regions bet wccn 90 and 523

G} lz, ‘1’ransitions  involving a large range of quantum numbers, 6< Js 123 and O < K, <12,

have been observed permitting prccisc  rotational and a large set of centrifugal distortion cml-

stants to be determined. All isotopic species as well as the excited slate data were fit simul-

tancous]y.  Ground-state effcctivc and average structural parameters as WCII as an estimate of

the equilibrium structure have been derived. “1’hc quartic  distortion constants were used for

a calculation of the harmonic force field. ‘1 ‘hc complctc  quadrupo]c  tensor has been dctcr-

mined. Its diagonal imtion reveals a largcl y covalent llrO bond with little n-bonding. ‘1 ‘hc de-

rived properties of 13r20 arc compared with those of related compounds such as CIJ), 1 IOBr,

and 1 IO(Y.
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1. IN’I’RODUCTION

l;CW bromine oxides arc known, mainly bccausc  they arc unstable at mom temperature. Most

of the limited spectroscopic and structural investigations were carried out in the solid state, ” 2 I)i-

brominc monoxide, Br@, is comparatively well characterized. It was obtained in low yields by Zintl

and Ricnticker  more than sixty years ago by passing 11r2 over 1 lgo as a not specified bromine oxide

contaminated with unrcactcd bron]inc.3  llsing  a solution of Ilr2 in CC14, Hrcnschcde and Schumacher

obtainccl higher yields dissolved in CC14 and identified it.4 Pure Br20 was synthesized for the first

time by Schwarz and Wiclc as a decomposition product of a light yellow bromine oxide described

as bromine dioxide.s

More recently, the Raman spectrum of solid llrzO at 77 K was recorded by Campbell et al.

including ‘~’] 80 isotopic shifts for the stretching fundamentals. G ‘1’hc symmetric stretching vibration

v ~ 7 or both stretching nlodes8’9 were observed in Ar7’ 8 or N2 n]atriccs9 along with 1 “i 80 isotopic

shifts. ‘1’hc structure of 13r20 in the solid phase was studied by 1 lXAII’S9 (I;xtcnded  X-ray Absorption

~’inc  ,Nructurc) and very recently by single crystal X-ray diffraction. 10

Very recently wc have given a preliminary account on the investigations of the rotational

spectra of llr20 and OllrO. 11 “1 ‘hcsc have been the first high resolution studies and the first structure

determinations of bromine oxides in the gas phase other than 13r0. in this article the spectra of the

three main isotopic species of IJr20 and the fitting procedure arc described in detail together with the

derived spectroscopic constants and molecular properties.
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ILX1’IU<lMENTAL SECTION

(a) Synthesis of Ilr20. lh-20 was synthesized by passing llr2 through a column  of yellow

1 IgO at mom temperature. ‘l’he products were flowed through the microwave absorption cell at total

pressures of 2-5 Pa, Although the yields were low, in agreement with earlier work,3 many transitions

could  be observed with no or little signal averaging, ‘l’his method has been used for most of the

investigations.

1 luring  our studies of OWO” it was cliscovcrcd  that Brz[) could bc more rcadil y observed as

a secondary product of the O -I Br2 reaction than as a product ofthc IM2 + } lgO reaction. Products

of an oxygen  discharge + 13r2 were condmcd on the wall of the absorption cell at -250 K. OllrO

was evolved at m. 250 K. At -260-270 K with pumping speeds adjusted to maintain pressures in

the 0.5-2 Pa range, the Br20 spectra bccamc  quite prominent. No effort has been made to char-

acterize  the solid product.

(b) Spcctromctcr. IIctails of the spectrometer have been given elsewhere.’2 ‘1’hc measure-

ments were made employing a 1 m long, double-path coolablc  glass cell. Phase-locked klystrons

(Varian) were used as sources, either on fundamcnta]  ficqucncy  (m. 9061 17) with a diode detector,

or at third to fifth harmonic using harmonic generators and a liquid 1 lc-cooled lnSb hot electron

bolomctcr  as detector. Most of the measurements were done in the 383-4346117 and in the312 -

322 G] Iz, regions. Additional mcasurcmcnts were done at m. 90 G] 17, ancl around 522 G] 17..
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11. R1OS1JI ,TS

(a) Obscrwl Spcctrii  and Assignmcmt. IIrzo is a near symmetric prolate rotor (K z -0.9966)

with its dipole moment  along the b-axis. “J’hc initial bond ]cngth of l]rzO was estimated to bc 184-.3

pm from a comparison of C1O and IIro bond ]cngths  in CIJ(), 13 11(X1,14 and lIOBr.15 ‘1’his value is

in agrccmmt with 185 (1) pm from Ref. 9.1 ‘hc initial bond angle was taken from that study: 112 (2~.

Quartic distortion constants were derived from a force field calculation using the vibrational data

from Rcfs. 6 and 8,

in the412 to 434 G] IZ region studied first ‘R4, ‘1{5, ‘Qc, ‘l’R,  and ‘Pg branches were prcdictcd

to bc the strongest ones. llach branch was cxpcctcd  to have a characteristic quadrupolc  pattern which

varied slowly with .1. ‘1’hc observation of the ‘QG branch for al 1 three isotopomcrs  near 412 (i] IY. (SCC

l~ig. 1 for a detail of the 79Br20 branch) and several mcmhcrs of the ‘1<5 and ‘PR branches permitted

the unambiguous J assignment and the determination of rotational and diagonal quartic  centrifugal

distortion constants. ‘1’hc observation and assignment of sclcctcd transitions was then straightforward.

lJsing  estimates of the vibration rotation interaction constants for the Vz =- 1 state derived from

Cl@,’3 it was possible to identify onc transition each of the ‘Pg and ‘Pg branches for the 7913r08]  Br

isotopomer  in the first cxcitcd bending mode in previously rccordcd  spectra, Several other transitions

were sought and found. No effort was made to assign other vibrational states ofthc mixed isotopomcr

or any cxcitcd  state of the synmctric  isotopomcrs.  All rotational transitions used in the fits are in

‘1’able 1. ‘1’hc complete line list is available as supplementary material,

“ 7911r and “llr, have a spin of 3/2. IIiagonal  quadrupo]c  coupling constantsIJoth IIr nuclc],
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wcrc estimated using those of’ C120]G scaled by the ratio eQq(DrO)/eQq(C1O  )17’ 18 and considering

the slight change in bond angle. It was assumed that the z-quaclrL]polar  axes coincide with the XO

bonds.

]Iccause  of the two different Br nuclei each rotational transition of 7%r08113r  consists of 16

strong quadrupo]e  components with A J’ == A.J, IIoth 791}r20 and 8111r20 have C2V symmetry. Bccausc

of the spin-stati  sties levels with 1 odd or even arc missing for transitions with A’a + A’C even or odd,

rcspcctivc]y,  reducing the number of strong hypcrfinc  components to 6 or 10 respectively (see l;i~s.

2 and 3).

Transitions with higher J and K, quantum numbers, which were among the first assigned,

appear mostly as characteristic triplets for the C2V species (l~igs.  1 and 2) and as triplets or quartets

for the mixed isotopomcr.

At low J the quadrupolc  the splittings arc large and dominated by %,,. 19 ‘1’hcy can bc rather

complex (SCC Fig. 3), Because ~. (=- ~~~ - ~CC) is large and of the same sign as ~~~ the quadrupolc

splittings rapidly decrease with increasing J (SCC IJig. 1). At some intcrmcdiatc J they arc minimal

and of[en unresolvable in the absence of other effects; this value of J increases with K~. At even

higher J the patterns spread out again bccausc  of the increasing effect of X. (see l’ig. 2).19 Sonic

transitions with large quadrupolc  splittings arc given in ‘1’able 11,

‘1’he Z-qLladrLlpO]C  axes are cxpcctcd  to bc CIOSC to the llrO bonds which are not aligned with

a princip]e  incrlia] axis. ‘1’hcrcforc, the off-diagonal quadrupo]c  COUp]illg  constant %~b is non-zero.

l;ffccts  related to this constant occur as pcrturbatiom of the quadruple patterns of near-degenerate

lCVCIS  with lAJj s 2, IAK,I = 1, and AKC even. Among the observed transitions the effects of %a~ arc
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pmlicularly noticeable in the ‘Rd branch and the ‘1{s,  J = 40 transition of the mixed isotopomer

because fhcy would have unresolvable quadruple splittings in the absence of P.b. In several cases

complex patters were observed as shown in l;ig. 4. l’hcse arc duc to interactions bctwccn levels with

A.) =- 2, AX, = -1 as shown in Fig, 5. “1’hc A.]=- 1 resonances occur at higher J. ‘1’hcy have been

observed only for K~ = 4-3 around J of 80 (SCC also Tab]c 2). ‘1’hc near-dcgcncracies of such ICVCIS

contribute most to the precise determination of ~~b,  but more subt]c effects of x~h are widespread

throughout the spectrum.

(b) Fitting of the Spectra. predictions and fittings were done with l’ickett’s  program SPCAT

and SPJU’1’20 }Iccausc of the two ]Ir nuc]ci a symmetric coup]ing schcmc was cmp]oycd:  11 + 12 = I,

1-1 J = l’. SJin statistics were taken into account for the t wo isotopomcrs with C2V symmetry. lle-

causc 1 is not a “good” quantum number strong mixing can occur so that the assignment of an 1 value

to a particular state is sometimes not obvious. in a number of cases, the small changes cncountcrcd

in the course of the iterative fit would change the program’s assignments during the fitting procedure.

]’ar[icularl y in t}lc  beginning, the resulting spectroscopic constants were substantial] y affected. 1 n

order to minimize these problems each transition for which the fitting program made multip]c  assigrt-

mcnts was cntcrcd  with al 1 alternate assignments. A rejection criterion was chosen so that onc and

ml y cmc assignments would be included for each iteration.

‘1’hc uncc]laintics  attributed to the lines were in general onc tenth ofthc  half-width; they were

incrcascd  for lines with low signs]-to-noise ratio or incompletely resolved lines. ‘1’hc uncertainties
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rcflcct  a 20 confidence level. Blended lines were weighted according to their relative intensities.

‘.i’hc } lamilkmian is schematically described by

3( ‘ 3&o, + ?f,f,

‘1’hc rotational 1 lamiltonian  is a Watson S rcduction2) in the 1’ rcprcscntation22  and contains

centrifugal distortion effects of up to eighths order, ‘l’he hypcrfinc  1 lamiltonian  includes nuclear Br

quadrLlpo]c and spin-rotation effects as well as distortion terms for the diagonal quadrupo]c  constants

of the form [(x#2  -t ~K]’Z2), ~]. All operators arc defined positively, except  ])J,  ])J~, and ~)K for

reasons of tradition.

Values for each of the rotational conslants  arc very similar among the isotopomcrs. l’bus, it

can bc cxpcctcd  that the distortion constants arc quite similar as we] 1, 1 lowcver,  some of the higher

order constants showed initially isotopic variations much larger than expected. in order to extract the

Jmst information from the data set the spectroscopic constants were determined in a single, global,

non-linear least-squares fit. A set of coJmnon  constants was usccl for }]J, h 1, and the oct ic constants

used in the fit. Some higher order constants C (d2 and the remaining diagonal scxtic constants) were

constrained so that

C(81 ) = 2C(79>81 ) - C’(79)

‘1’his  relationship is quite good CVCJ1 when sLlfficicnt  data is available to derminc all three

constants independently.

1 {ach of the hypcrfine  constants were fixed together for all nuclei using the appropriate i so-

2S It shou]d be pointed oL~t  that for molecules where thetopic relationships taken from the llr atoms. .

cpladrupole  constants were determined very precisely, the isotopic ratios arc very C1OSC to the atomic
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valuc,24  IIccause  of the rotation of the principal axis system of the mixed isotopomcr  with respect to

the symmetric ones its quadrupolc  tensor had to bc adjusted. ‘1 ‘hesc corrections have been estimated

from the structure and the quadrupolc  constants of the symmetric isotopomcrs.  Corrections were not

taken into account for the distortion parameters on the quadrLlpo]c  constants and for the spin-rotation

constants because the effects of the axis rotation for the mixed isotopomcr were much smal lcr than

the uncertainties of the rcspcctivc constants.

“1’he quadrupolc constant ~,, was mostly determined by transitions with low.1 and Aza z 5

while X. was mostly determined by transitions with K~ s 4 and rather high,1  (SCC ‘l’able 2). “1’his  may

explain why the ~-distollion  on ~. and the K-distortion on ~,, were significantly determined. ‘l’he in-

chlsion of %,,h‘ in the fit removed systematic deviations bctwccn  calculated and observed quadrupolc

splittings at higher K~’s.

initial] y the V2 == 1 state data was fit separately holding all ground state constants of

7911r2[)*l]lr  fixed and fitting those differences which seemed to be appropriate for the current set of

transitions. Changes in the rotational and diagonal  quartic distortion constants as well as 11~ and ~,,

were determined. 1.ater the same molecular parameters were used in the combined fit.

1 lighcr order parameters were kept in the fit if they reduced the standard deviation and did

not introduce a high degree of correlation among the parameters. Some parameters with rather large

uncertainties were retained although their effects on the quality of the fit were small. In such cases

the uncertainties may be used to place reasonable limits on the magnitude of such terms and provide

more realistic calculations of the uncertainties of other molecular parameters and the positions of un-

observed lines. ‘1 ‘he particular choice of parameters has essential] y no effect on the molecular para-
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mcters derived from the rotational and quartic distortion constants or from the quadrupo]c  tensor. “l’he

magnitude from the K-dependent to the .I-dcpcndcnt  and from the quartic  to the octic distortion

constants dccrcasc rapidly and in a very regular way indicating that even the less well determined

higher order parameters arc of the right order of magnitude,

‘J’hc spectroscopic constants of the ground and cxcitcd  vibrational states arc in I’ablcs 111 and

1 V rcspcctivcl  y. Statistics of the fit arc in ‘1’able V.

(c) Structural Parameters. ‘1’hc ]lr@ ground-state effective (rO) strL1ctLm may be calculated

from any two of the three moments of inertia or the a and b planar moments for each of the isotopic

species. ‘1 ‘able VI gives the rO structure dctcrmincd  from a least-squares fit to the planar moments of

all three isotopomcrs. ~’he numbers in parcnthesis  represent the range of values when different

choices of moments were used in the fit, Because the uncertainties of the rotational constants arc very

smal 1, the strL1ctural  parameters determined by either method arc highl y precise and agree among  the

i sotopomcrs to more than the quoted figures. ‘l’he accuracy of the strLlctural  parameters is entire] y

limited by vibrational effects.

‘1’hc ground-state average (r,) structure was calculated from the llz~ (l’able V]). “1’he harmonic

contributions to the a-constants were calculated from the harmonic force field (vkk  i@w) and sub-

tracted  off of the BO~ to obtain the ground-state average rotational constants B,,g (see “1’able VII).

IIccausc the inertial defects calculated from the ground state average rotational constants arc smaller

by a factor of -40 (ideally it should be zero) than those from the ground state cffcctivc constants,

structural ambiguities arc reduced by a similar amount. Isotopic differences in the ry structure arc
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vcry small. lror the bond length they arc of the order of what can be derive from the formula below.

1 {equilibrium structural parameters can be estimated using an equation proposed by KuchitsLl:25

rc “ r2, - 3/2 (i (242) -1 K.

1 lcrc (U2) and K arc the zero-point mean square amplitude of the Bro bond and its perpendicular

amplitude correction, respectively. ‘1’hc constant a is a Morse anharmonicity  paranlctcr,2G  1.976

~-1, derived from the llrO radical. 17 In this model differences bet wccn ground-state average and

cqui librium bond angles  arc ncglectcd.  The estimate of rc is also in ‘l’able VI together with struct-

ural data of related compounds. “1 ‘o allow a better comparison, the parameters of C120 were

calculated as described above for llr20  using  rotational constants of 3SC120 from Ref. 27, the

harmonic force field from Ref. 13, and the Morse anharmonicity  parameter 2.201 ~-’, of CIO,

derived from Ref. 28.

‘IIIC  ]]r-]]r substitution distance can be well  dctcrmincd: 305.87 pm, slight] y smaller than the

rcspcctivc  r. and rz, values, but larger than the r~ value. IIccausc  of the small h-coordinate of the Ilr

atoms (-9.47 pm) together with vibrational effects it is difficult to locate the O atom precisely without

oxygen  substitutiol~t

(d) IIarmonic  Force Field calculations have been performed for llr20 to obtain initial centri-

fugal distortion constants, to calculate a ground-state average structure and to estimate equilibrium

structural parameters (vkk  supru), and to gain some insight into the bonding of this molecule. ‘1’hc

computation was performed using Christen’s NCA progran~.29

‘1’hc stretching fundamentals have been observed in argon n~atriccs.8  Whereas neon matrix
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wavcnumbcrs  usually are very C1OSC to gas phase values, those from other matrices can exhibit shifts

of up to a few percent. In order to estimate gas phase harmonic wavcnumbcrs, the symmetric and

asymmetric stretching frequencies were scaled by 1.005 and 1.014, respective] y. ‘1’hesc values were

derived from gas phase27 and argon nlatrixJO values for v 1 and v ~ of ‘s(~120. ”1 ‘hcsc estimates of enhar-

monic  gas phase wavcnumbcrs  were harmonized as described c]sewhcrc,31 using cJv = 1.020 which

was taken from a recent force field calculation of 1 IOllr. 1‘~ Since no
79’81 Br isotopic shifts were re-

solved, Ihe frequencies were attributed to the 7911r’bO*]llr and 7913r’  808 llh- isotopomers,  respective] y,

bccausc  the mixed isotopomcrs arc the most abundant OJICS and their vibrational wavcnumbcrs arc

very close to the average of the respective symmetric isotopomcrs.

Among the different types of input data the weights were chosen to reproduce all the input

data in a satisfactory way. The input data were weighted inverse] y to the squares of their attributed

uncertainties. A hundred times the experimental values were used for the quartic  distortion constants,

1 cm-] and 0.3 cm-] for the vibration] wavenumbcrs  and isotopic shifts, respectively, the cxperinwn-

tal uncertainty was used for the V2 inertial defect difference.

“1’hc rO structure has been used initially to dcscribc  the geometry of the Jnoleculc.  ‘l’he re-

sulting force field was used to derive the rz, structure and to estimate the eclui]ibrium strLlcturc  (vick

,wpw). ‘l’his r~ structure was used in the final calculation. ‘1’hc resulting force constants with the po-

tential energy distribution (1’1 111) for the vibrational wavCJIUJllbCrS, results from an ah initio calcula-

tion, and experimental values for ~lzO and 1F20 are given in Table VII 1. A comparison of the input

data with values calculated from the force field arc given in “l’able 1X.
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111. DISCXJSS1ON

(a) Structure and E’orcc  Field. l’hc present force field reproduces the input  data quite WCII.

‘1’hc differences between ground-state and equilibrium centrifugal distortion constants account for

a substantial amount of the residuals (compare for example ground-state distortion constants with

those of the cxcitcd  bending mode, or scc Ref. 15b for the case of IY3}3r). ‘1’hc residuals of the vibra-

tional wwcnumbcrs  and their isotopic shifts may bc duc to pcrturbaticms in the matrix and the way

the gas phase harmonic wavcnumbcrs were approximated.

‘J’hc  solid state IiXA}~S data agree with the strLlctural  parameters of IIrzo  in the gas phase

within the large l;XAFS uncertainties (r= 185 (1) pm, a = 112 (2 Y’).9 1 Iowcvcr, a more recent single

crystal X-ray diffraction study indicates larger strLlctural differences bctwccn  the solid and the gas-

cous states; two non-equivalent bonds of 185.7 (5) and 187.5 (5) pm and an angle of 114.2 (2)” were

found, 10

‘J’hc structural parameters and force constants of Ilr@ agree rcasonab] y well with those from

a high level ah initio calculation. S* The overestimation of the bond length and the underestimation

of the stretching force constants arc fairly common for this type of calculation.

‘1’hc estimated equilibrium strL~ctural parameters of [;120, derived from the ground-state aver-

ag,c structure as dcscribcd  above, agree very well with those derived from equilibrium rotational con-

stants (SCC’1 ‘able V]). “I”hc agrccmcnt  is even better, when the latter is calculated from Pa and ])b. “1’hc

small diffcrcnccs arise from the fact that the cxpcrimcntal  equilibrium incllial defect is slightly differ-

ent from zero. “J’hus it seems reasonable to assume that the estimate of the llr20 equilibrium structure
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is a good one 100.

‘J’here is an apparent trend in the force constants of X20 compounds, and the differences in

the diagonal force constants bctwccn  1J20 and ~120 arc much larger than those between ~lzo and

IIrzo, as expected. “1’hc stretching force constants.t  of Dr20 and ~lzO are very similar; this may bc

related to the essentially pure single bond character of the X() bonds in these molcculcs.

‘1’hc BrO bond in Ilr20 is slightly larger than in }Iollr, the situation is very similar for the

(;10 bonds in ~lzO and 110~1, “1’hc increasing size of the X atom corresponds with an increasing

bond angle in XZO and 1 I OX (X = {;1, IIr).

(b) IIypcrfinc Constants. ~’hc three indcpcndcnt  parameters which dcscribc  the llr quadru-

pOIC tensor of I]rzO completely, x,,, x., and x,h, could bc dctcrmincd  quite WC]], particularly in the

global fit. ~onscqucntly,  it has been possible to determine the orientation of the principal quadrupolc

axes with respect to the llrO bond. ‘J’hc z-axis of the quadrupolc  tensor is tilted 2.4” away from the

IIro bond toward the other Br atom as shown in I:ig. 6. ‘1’hc situation is quite similar to that reported

rcccntly  for ~120. 13 Although care is advised when ground- and cxcitcd-state  quadrupolc  constants

arc combined, it is likely that the general conclusions for CH20 arc not seriously affcctcd, because

vibrational effects on these constants arc cxpcctcd  to bc small with respect to the uncertainties.

lkom the principal components of the quadrupolc  tensor onc can calculate the ionic, iC, and

‘9’ 22 ‘1’hc rcsu]ts arc shown in l’able X togethern-characters, nC of the X() bond in llr20  and ~120.

with tlmsc of related compounds. 1 loth X20 molcculcs  have essential] y covalent XO bonds with

almost ncgligib]c  contributions from n-back bonding. ‘1 hc ionic characters derived in this way arc
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in line with the view that the X(3 group (X = halogen) is only slightly more and the l]r atom ICSS

clcctroncgativc than the Cl atom.

It should bc noted that in the abscncc ofa good mcasurcmcnt  of ~,~ the usual assumption that

the z-quadrupolc axis coincides with the chemical bond would lead to a significant error in the

calculation of ~,, and %X. I For a ncar]y cylindrical y symmetric bond

h ~x 2A~x 3COS207,
-.. = .

xx A XX “ ?;;s20,.

where ~,,~ is the angle bctwccn the z- and the a-axis and 8r~ is the angle bctwccn  the bond and the a-

principa] axis. “l’he A‘s refer to the errors introduced in the rcspcctivc constants. l;or the present case

A~x/xx G 30940 and A~Z/Z,,  = 15 ‘Yo.  l~or (;l@ these errors lead to estimates of the ionic and n-contribu-

tions of O.35 and 0.08 respectively. 16 Similarly onc would derive values of 0.48 and 0.12 for 13r2(l.

It is notcwor[hy that in both cases the n-electrons would bc in the molecular plane, increasing the

ionic character duc to the o-bond. ‘1’hcse ionic characters arc larger than Ihosc of ~11~ and IhT rcspcc-

tivcly,  scc ‘1’able X, ‘his is rather unusual considering that fluorine is the most electronegative clc-

mcnt and the fact that the ionic character of a given bond should depend on the elcctronegativity of

the atoms or atom groups involved.

‘J’wo quadruple distortion terms have been dctcrmincd significantly. l~or a rather rigid molc-

culc one would expect the ratios ~~, ‘/xB~  and X. ‘/x_ to bc of the order of ‘~~K/~ and 4 cll/(B - C.’). ‘1’hus

X,,IK and X.J should be of the order of-17.5 and -0.58 kl Iz, rcspcctivel  y, for the 7911r nucleus, close

10 the cxpcrimcntal values of-29.4 (26) and -0.520 (94) kl IY,
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ln contrast to the quadrupolc  coupling constants, the spin-rotation coupling constants of llr20

arc not particularly WCI1  determined. The spin-rotation constants of 11r20 can be used to estimate the

paramagnctic  shielding 0$ ‘)r) at the Rr nuclcus:~7  CC]. -3650 ppm; because of the relative] y large un-

certainties of the spin-rotation constants that value has to bc viewed taut iousl  y. ‘l’he absolute value

is close to that of Br};  (cu. -3700 ppnI)24 and IlrNO (cc/. -3770 ppnl),3* somewhat larger than that of

1 IOl]r (ea. -2490 ppn~),34 but much larger than thatof1IIlr(-513 ppm). 39 l’bus, it can bc concluded

that the spin-rotation coupling constants of Br@ obtained in this study arc of the right order of nlag-

nitudc.

IV. CONC1 ,lJSION

‘l’he first high resolution study of 11r20 has been performed in the millimeter and subn~illi  -

mctcr regions. l’rccisc spectroscopic constants have been obtained for 7911r20,  791 Mls’1  lr, and 811 lr20

in the ground vibrational states and for the mixed isotopomcr  in the first cxcitcd  bending mode per-

mitting  structural parameters and the harmonic force field to be dctcrmincd. It has been shown that

the clctcrmination  of the off-diagonal quadrLlpo]c  coupling constant X,6 is crL~cial  to diagcmalize  the

quadrLlpo]c  tensor properly and to derive ionic and n-contributions.
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‘J’A1]l,It  1: Rotational transitions’ of lJrzO used in the fits.

ground state V2’ 1

79Jlr20 7911rO*111r 81Br20 791]r08]llr

‘cl) 56

W 1 39

‘Q1 19’ 19’

‘1{2 78U 55”, 79”

‘1’~ 26,,

341,”, 60U, 61 ‘, 621, 351’”, 601’, 62U, 631,
‘1<3 69u 641,791

‘1{4

‘1<5

‘1{6

‘~6

45U, 461,471’”,481’”
51’’”, 531,” ‘

23 ,27-30

6

25, 34-37,40,45-
59, 87”, 881, 911’”,
93”, 111’, 112’,
1141’1’, 1161, 1181,
121’, 123”

21,24,32,61

40,41,47,48,57

64,72,80,81,82

92,93

46]’”, 471,481’”, 491,
51’, 54’’”

27-30, 641>1’

6,40

29,30,37,38,50-
52, 59, 60, 841>1’,
1121,1131,1141’,
11 5“, 1161’”, 1171,
119”, 120”, ]21’

36,38

24,33,60

4 0 - 4 2 , 4 7 - 4 9

65,66,71,77,82,
83

54, 89,90,97

121

40

8011

351’”,621>”,631’,641,
71 “, 75”, 77’, 80’,
871

471,11, 481>~1,  491,11 )
54’’”, 55’

14,23,24,24,28-
31

6

7 - 1 4 , 1 6 - 2 4 , 2 8 -
41, 1051, 1061, 1081’,
110’, 111 U,112’’L’,
115’, 11 7“”, 1 19“1’,
120’, 121U

37

19,33,61,62

41,42,49,58

65,66 ,71-73,82-
84

90,91,98

331’”, 341,351, 361

471>11,481>11, 5311

25,27,28

45,47,52,54,55,
57

36

62,63

43-46,50

67,72,73

‘ in symmetric top notation. 1’” 1,owcr and upper KC, rcspcctivcly,  of the lower state.



TAIII.ID  11: Observed frequencies (Ml Iz) and assignments’ ofsclcctcd rotational transitions with

large quadrupo]c  splittings, uncertainticsb  (k] Iz), and residuals (kllz)  (o-c) of l]r20.

lsotopomcr  .l~.,~, -  Y~.l,~Cl c

1,1”- r,]” ohs. frcq. uric. o-c

3,16-3,15

0,15-0,14

3,15-3,14

1,14-1,13

2,13 -’2,12

2,14-2,13

2,16-2,15

3,14-3,13

1,16-1,15

2,17-2,16
3,13-3,12

3,18-3,17

2,15-2,14

1,15-1,14
3,12-3,11

3,5 -3,4

3,7 -3,6

1,6- 1,5

3,6- 3,5

0,7- 0,6
3,8 -3,7

1,8- 1,7

3,4 -3,3

2,5 -2,4

156, -145,

388795.566

388796.813

388797.263

388798.278

388807,580

Xaa

50 24

120 36

120 -26

50 -21
50 -16

388810.769
388816.909
388818.222

388819.749

7 7, - ‘6>

431048.334

431049.319

431051.593

431055.045

431056.731

431059.165

431060.802

70 3

80 29

60 -13

80 -42

Xaa

100 -32
80 -30

50 -2

80 28

60 -11

100 -5

60 38

-22-



2,6- 2,5
2,9- 2,8
2,8- 2,7
1,7- 1,6

2,7 -2,6

3,9- 3,8

3,10 -3,9

7%20

2,40-0,39

2,41-2,40

2,42-2,41

2,39-2,38
2,38-2,37

0,40-2,39

“llrzO

3,42-3,41
3,41-3,40

3,40-3,39
3,43-3,42
1,42-1,41
1,40-1,39
3,39-3,38

3,44-3,43

1,41-1,40
3,38-3,37

79’R111r20

431066,426

431067.341

431070.3

40.,40 -39,,39

90757.144

90781.817

90783.336

90808.148

41 0,41-401,40

90859.569
90859.938

90860.260

90878.834

90880,650

90881.669

90882.424

90900.97s

90902.422

90903.897

79d,Jd - 78j,T~

70

100

50

x-

25

25

25

40

x-

20
30
30
30

30

30

30

40

30

30

X->  (Xab)

-58

21

-6

12

-12

-5

7

7
-4

14

14

-12

-o

-14

-15

-8
-12

774>7J - 783, TS = 4063 Mll~,

3,82-3,81 418562.770 300 96

1,79-1,78 418563.295 90 -1oo

0,79-2,78
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3,76-3,75

1,80-1,79
3,77-3,76
2,81-2,80
1,78-2,77
2,80-2,79
3,81-3,80
2,77-2,76
2,78-1,77
3,78-3,77
3,80-3,79

79/81 ]]r2~

418563.838

418579.500

418581.041

418582.500

418583.497

418584.647

418598.881

418601.998

803,77-792>78

200

100

75

150

70

60

80

60

X-9 X.b

-233

117

-82.

-56

68

1

-74

11

803,77-794,75 ‘ 2732 Mll~

3,79-3,78 412123.002 80 22

3,80-3,79 412124,194 150 -18

2,78-2,77 412168.595 80 -10

2,79-2,78 412169,412 80 6

1,81-1,80 412173.000 60 22

3,82-2,81 412174.249 60 -30

1,79-1,78 412178.295 50 -15

3,77-3,76 412222.086 50 -2

7911r20 525,47-514,48 Xab

544,51-525,47=417  Mllz,

2,51-2,50 425858.447 80 -24

2,54-2,53 425865.497 70 22

2,53-2,52 425874.634 60 -13

0,52-0,51 425877.021 65 -14

2,52-2,51 425885.018 75 16

2,50-2,49 425897.373 70 21
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8111r20 565,52-554,5, Xab

535, dg - 55d,~1 L 874 M}lz

3,59-3,58 432454.813 400 -71

3,58-3,57 432455.846 150 60

1,55-1,54

1,57-1,56

3,57-3,56

1,56-1,55 432459.612 90 -11

3,56-3,55 432461,986 120 26

3,53-3,52 432464.130 120 29

3,54-3,53 432466.154 120 5

a l:or blended lines frequcncics,  uncertainties an residuals arc given oJlly for the first hypcrfinc cori~-

ponents,  only 1 and 1’ assignments for the remaining components. ~omponcnts  not observed or not

used in the fit have been omitted. For transitions affected by ~~~ the the perturbing lCVCIS  and energy

diffcrcnccs arc also given.
b 20 confidence ]CVC].
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TAIII.lL 111: Spectroscopic constants’ (MI 1~,) and inertial defect (amu ~2) of 13r20 in the ground

vibrational state.

7911r20 7911rO*’llr 8111r20

Rotational constants

A - (B -1 (:)/2 31879.7770 (66)

(B -~ (:)/2 1340.84020 (33)

(1) - (:)/4 13.732064 (48)

A 33220.6172 (64)

11 1368.30433 (29)

(: 1313.37607 (39)

]ncrtial defect

A2 0.234085 (1 87)

Quartic centrifLlgal  distortion constants

I)j “ 104 2.85030 (82)

DJK “ 102 -1.913650 (264)

I)K 1.051 317(126)

d,”los -1.96723 (124)

(12 “ 107 -3.5330 (291)

Scxtic  centrifugal distortion constants

IIj” lo” 6.84 (60)

I]JK “ 109 4.487 (167)

}]KJ “ 106 -2.535 (41)

}]K “ 104 1.1680(109)

h, “ 101’ 1.793 (99)

Octic centrifugal distortion constants

1.J~ “ 10’2 -6.59 (1 69)

I,~~j “ 1010 7.34 (1 92)

1 ,K”l O* -2.62 (47)

31857.985 S (48)

1324,56744 (28)

13.416095 (32)

33182.5530 (47)

1351.39963 (30)

1297.73525 (28)

0.234149 (163)

2.78410 (80)

-1.891064 (238)

1.048704 (96)
-1.90199 (119)

-3.3658 (151)

6.84 (60)

4,422 (1 59)
-2.493 (38)

1.1622(103)

1.793 (99)

-6.59 (169)

7,34 (192)

-2.62 (47)

31836.1153 (79)
1308.32641 (42)

13.104093 (46)
33144.4417 (76)

1334.53459 (36)
1282.11822 (48)

0,234195 (246)

2.71842 (90)
-1.868525 (231)
1.046052 (151)

-1.83822(121)
-3.1986(291)

6.84 (60)
4.356 (167)

-2.450 (41)
1.1564(109)
1.793 (99)

-6.59 (169)
7.34 (192)

-2.62 (47). .
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Nuclear quadruple coupling constants and quartic  distortion tcrmsc
551.119(196) -0.987

Xaa 0.821

~aaJ “ 104 2.0 (21)

)’aa~ “  102 -2.93 (20)

405.361 (208) 0.995
x- -0.814

~.J “ 104 -5.20 (94)

1.5 (23)
x-K “ 10

Ixadd
613.112(333) 0.503

0,422

Nuclear spin-rotation constants’

(-’aa “ 103
42.1 (63)

8.4 (24)

(-’cc  “ 103 11,3 (26)

461,232 (164)

1,7(18)

-2.45 (17)

338.633 (174)

-4.34 (79)

1.2(19)

512.185 (279)

45.3 (67)

9.1 (26)

12.2 (28)

a Numbers in parentheses are two standard deviations in units of the least significant figures.

Watson’s S reduction was used in the rcprcnsation  1’.
b onc common constant for all three isotopomcrs  was used for each of ~lJ, h], ~.JK,  J.KK~,  and I.K; d2,

]]jK, ]~Kj,  and ~~K Were COnStraillCd  so that C;(8 ] ) = 2 C~(79,8 ] ) - ~;(79);  scc text.
c Llppcr (lower) values for 791]r (Sl]lr)  IIUC]CUS  of 7911r20  (R111r20), isotopic ratios fixccl. Values for

791h@11  ]r arc differences from the values of the rcspcctivc  nucleus for the symmetric isotopomcr  duc

to the rotation of the principal axis systcm;  scc also text.
d sig{xab(llrl)}  =- - sig{Xa@r2)};  sig(A {xah(JJrl)})  = sig(A {xa&r2)})
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TABI X IV: Spectroscopic constants (MI Iz) and incrlial dcfckt  (amu ~2) of 7911r081Br in the first

excited bending mode.a

parameter V2 ‘- 1 (V*= 1)-v~

Rotational constants

A -(B+- (:)/2 32084.7968 (161)

(B+ (:)/2 1323,51311 (82)

(B - (-’)/4 13,47581 (114)

A 33408.3099 (154)
11 1350.46473 (198)
C 1296.56149 (280)

]ncrtial  defect

Az 0.43073 (136)

[centrifugal distortion constants

I)J “ 104 2.769 70(1 10)

))JK “ 102 -1.899923 (318)

I)K 1.092927 (289)

I]K “ 104 1,2379 (168)

226.8113 (164)
-1.05433 (85)
0.059 72(1 14)

225.7570 (1 56)
-0.934 89(1 96)
-1.17376 (283)

0.19658 (137)

-0.01441 (102)

-0.008859 (1 89)

0.044223 (284)
0.0757 (137)

Qu
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‘l’All] ,10 V: Statistics of the fit,

ground state VI’ 1

total number of observed rotational transitions 76 72 96 30

total number of observed lines 156 192 245 76

number of lines with O s residual <1 0, 116 141 191 52

10< rcsidua] <20, 30 37 47 17

20< residual <30, 5 5 6 6

30 g residual <60 5 5 1 1
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TAIH,E  \71 : Structural paratnciers (pm, deg) of llrzO and related compounds.

para- IlrzOa IIC)Brb

mctct’ r7, rec rC

r(lhf)) 184.29 (20) 184.333 (5) 183.786 182.798

<(IlrOX)  112.24 (20) 112.249 (5) 112.249 102.99

qod
c

IIoclf

r(clo) 170.13 170.189 169.563 169.59 168.897

<(ClOX) 110.89 110.914 110.914 110.88 102.965

‘‘1 ‘his work, for uncertainties scc text. b Ref. 15, c llstimatc from r,, scc text.
d ‘l’his work, rotational constants from Ref. 27. C Ref. 13. f llef. 14.
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TAILE VI I: Ground  state average rotational constants (Ml Iz) of Br@.

parameter 7911rOg111r

/4, 32969,925 32932.482 32894.994

1), 1367.0458 1350.1624 1333.3184

{:, 1312.6012 1296.9699 1281.3624
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TAB] ,IC V]] 1: IJorce constants (N m-l) of dihalogcn  monoxides and potential energ,y

distribution (1’10 ))’ of lh-2Cl.

Br20 CIJ3 1’20 1’1’2)para-
meter Cxptl,b ah inilioc exptl.d Cxptl .’ V3

.t 287.4 253,9 294.9 410.5 0.858 0.084 1.131

.fp 102,3 108.3 123.7 147.1 0.265 0.786

f 33.4 31,6 50.4 86.0 0.100 -0.131. rr

f 28.3 26.6 31.2 22,1 -0,223 0.120rll

‘ I/or ‘911r@111r;  only contributions z 0.03 arc given. h‘1 ‘his work.
c 
(: CSII(”l’)/’l’Z2P  values from Ref. 32 d Ref. 13 c Ref. 33
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TABLE IX: Comparison of experimental spectroscopic constants’ (cm- 1, kHz. arnu ~) with those calculated from the force field.

para- 79Brz0 79BrOSlBr 79B~lE@81Br ‘*BrzO

meter ohs. C-ob ohs. C-ob ohs. C-oh ohs. C-ob

0.90

1.50

0.76

0.2850 0.0044

-19.14 -0.45

lo~l -23

-19.67 -0.34

-0.353 0.030

0.2025

539.4

644.7

0.2784

-18.91

1049

-19.02

-().337

0.1966

-2.3

177.6

7.5

0.0010

-0.34

-25

0.01

0.035

0.0040

-26.4 1.31

-0.98

-33.0 0.46

0.2760

-17.01

828.9

-20.80

-0.366

0.2259

-0.89

-1.51

-0.77

0.2718 -0.0022

-18.69 -0.21

1046 -25

-18.38 0.33

-0.32 0.038

0.1987

a vi for 79BrOs~Br:  A v i := Vi(BrJO) - v i(79BrOs* Br) eke.
b Calculated value minus observed value: equal to the calculated value if no observed value is given.



TABLE X: Quadruple coupling constants and derived parameters of 79Brz0 in comparison to related molecules.

parameter 79Br20a H079Brb 79B#5(3C 79BrFd 35C120 ‘SCIF’

~=/ MHz

X5h / MHz

xCC = xy I MHz

‘x~~:  / MHz

x,/ MHz

xx I NEIz

n.

0% 1 deg

em 1 deg

ic

xc

5~2.119  (196)

-73.379 (138)

-478.740 (149)

613.112(333)

927.64 (46)

-448.90 (47)

0.03217 (53)

31.4869 (77)

33.87

0.108

0.025

915.663

-448.905

-466.758

20.4

915.97

-449.21

0.0192

0.86

2.01

0.109

0.014

875.078

-437.539

-437.539

0

875.078

-437.539

0

0.080

1086.892

-54:.446

-543.446

0

1086.892

-543.446

0

0.342

-71.45f

6.86f

64.59~

_ 82.~

.123.J

58.6

().()5

32.2~

34.6~

-0.048

-0.036

-145.872

72.936

72.936

0

-145.872

72.936

0

0.305

‘ This work. b Ref. 34. cRef.35. d Ref. 24. e Ref. 36. ‘Ref. 16. ~ Ref. 13.
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l’igurc  Gptions

1~1 G. 1: l)ctail of the ‘QG branch of 7911r@. Some J assignments arc given. ‘l’he tightening of the

quadrupo]c  patterns with increasing J (up to 81) can be seen for J up to 60, when asymmetry

splitting becomes prominent; + and - indicate the parity of ICVCIS.  ~’hc band turns at J =- 75; the

irregular appearance in this region is caused in part by x~b, and the J assignments of ncar-

dcgcncracics are also given and indicated by *. Scc also text and Fig. 4. “l’he P-branch near 414

G] 17, also belongs to 79 Br~0.

lJIG. 2. ‘1’hc 1127, ]~~ - 1126, 106 (]cft) and ‘l~c 1 ] 27, 106
- ] ] 26, 107 transition of ‘]]]r~o (right)

showing quadrupo]c  splittings for high J transitions dominated by ~.. Note: the intensity ratios of

c{~. 1 :4 : 1 and 3 :4:3 arc due to the spin-statistics, see text.

1;10. 3: ‘l’he origin of the K, = 7-6 R-branch of 8]}lrz0. “l’he hypcrfinc  pattern is dominated by

%,,, ‘l’he lower state quantum numbers ~ and J’ arc indicated. Because of the spin-statistics there

arc on] y six of 16 strong hypcrfinc  components with A 1’ = A.) and I even for the 77,] - 76,0

transition and ten with 1 odd for 7T,0 - 7G,1.

l;](;.  4: ‘]’h~ 56~,5z R 113r20; a) expected pattern without %~h,  b) observed- 554,s1 transition of

pattern, c) simulated spectrum with X,h. ‘l’he energy difference between the unperturbed 53~,4s  and

55d,51 levels is 874 Mllz.
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l;IG, 5: Near-dcgcncracies  of 79’8]Br20.  J of the larger K, value versus  the absolute value of AJ = 2,

AK, = -1 energy difference is shown. Near-dcgcncracics  accessed by transitions of 79’g111r20 included

in the fit arc indicated by open circles. Measurable effects arc encountered several Js away from the

value associated with the smallest energy difference; see also text.

PIG. 6. “l’he principal inertial (dashed arrows) and quadruple axis systems (solid arrows) of IlrzO

(c= y is perpendicular to the molecular plane).
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